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Abstract

The dynamics of ungulate populations across variable ecosys-

tems and management strategies demonstrate disparate tra-

jectories such that some populations are overabundant, while

other populations are subject to recovery efforts. Under-

standing how variation in vital rates such as pregnancy and

survival integrate to shape the trajectories of populations is,

therefore, helpful for informed management, particularly given

that our understanding of the dynamics of harvested ungulate

populations is often limited. Age‐related variation in vital rates

among elk (Cervus canadensis) suggest that suitable population

matrix models require age‐specific vital rates that can be lo-

gistically and analytically challenging to obtain. Our goals were

to use a large, long‐term data set on elk and hierarchical

Bayesian models to estimate age‐specific pregnancy and an-

nual survival rates and their process variances, use stochastic

population projection matrices to understand the effects of

additional mortality from harvest on population dynamics, and

identify the influence of different combinations of vital rates

on population trajectories. We found that median age‐specific

pregnancy rates increased with age from yearlings (0.52, 90%

credible interval [CrI] = 0.37, 0.65) to a plateau among prime

ages (e.g., 9‐year‐old: 0.91, 90% CrI = 0.87, 0.94), followed by a

decline for the oldest ages (e.g., 19‐year‐old: 0.10, 90% CrI =

0.03, 0.28). Annual survival rates plateaued among prime‐aged

animals (e.g., 9‐year‐old: 0.94, 90% CrI = 0.92, 0.96), and de-

clined for the oldest‐ages (e.g., 19‐year‐old: 0.21, 90% CrI =

0.04, 0.56). We found higher process variation in pregnancy
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rates than survival rates; annual pregnancy rates for a 7‐year‐

old varied from 0.82 (90% CrI = 0.67, 0.92) to 0.98 (90%

CrI = 0.95, 0.99), and annual survival rates varied from 0.94

(90% CrI = 0.85, 0.96) to 0.96 (90% CrI = 0.93, 0.99). Simulated

population trajectories indicated that additional mortality due

to harvest resulted in a shift in the age structure towards

younger animals with lower probabilities of pregnancy. When

we held calf survival between 0.48 and 0.50 and specified

constant pregnancy rates, changes in age structure alone re-

sulted in variation of the recruitment of female calves from

0.20 to 0.16. We found that populations with a low mean value

of calf survival (0.25) and no additional mortality due to harvest

had marginal demographic performance (λgeo = 1.02) and could

sustain no additional mortality from harvest and still increase.

In contrast, productive populations with a high mean value of

calf survival (0.75) required high harvests to abate population

growth (e.g., harvest rate = 0.20, λgeo = 0.94). Finally, we found

a temporally lagged effect of harvest on age structure such

that a shift towards younger animals could persist for multiple

years following a reduction in harvest, suggesting that harvest

may have multi‐year lagged depressive effects on population

growth rates above and beyond the direct effects on survival

rates. Our work highlights the importance of considering the

effect of varying age‐structure on population dynamics, sug-

gests minimum combinations of vital rates required for in-

creasing or decreasing elk population growth rates to general

management objectives, and provides the framework required

for future management‐specific recommendations using sto-

chastic population projection matrices.
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Populations of elk (Cervus canadensis) in the species' historical range in the Rocky Mountain West have largely

recovered from overexploitation following European colonization, which led to the near extirpation of the species

(O'Gara and Dundas 2002). Patterns of population growth are substantially different among populations due to

variation in predation pressure from recovering carnivore populations, land management, harvest history, and

environmental conditions (Eberhardt et al. 1996, White et al. 2010, Brodie et al. 2013, Proffitt et al. 2014, Simpson

et al. 2020). There are concerns for the conservation of some elk populations in light of declining recruitment rates

amid variation in predation and environmental pressure (Middleton et al. 2013, Christianson and Creel 2014,

Hebblewhite et al. 2018, Lukacs et al. 2018). Given the important role of ungulates in ecosystem function
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(Persson 2003, Parsons et al. 2013), and the substantial economic and cultural benefits derived from their

exploitation (Gordon et al. 2004, Peterson et al. 2011), understanding the limiting and regulatory factors associated

with elk population dynamics has received considerable attention (Raithel et al. 2007, Eacker et al. 2016).

In contrast to conservation concerns for some populations, elk populations are overabundant in other areas and

present a risk to ecosystem function and stress social tolerance (Bradford and Hobbs 2008, Hegel et al. 2009,

Walter et al. 2011). Overabundant populations of ungulates can have substantial, negative effects on plant com-

munities, serve as reservoirs of disease, and challenge the recovery of other species (Garrott et al. 1993, Côté et al.

2004, Bradford and Hobbs 2008, Wittmer et al. 2010, Cotterill et al. 2018, Valente et al. 2020). Moreover, these

impacts extend to agriculture, where crop damage, disease, and pathogen transmission threaten the economic

viability of livestock producers and lead to social conflict between stakeholders (Walter et al. 2011, Bleier et al.

2012, Roberts et al. 2012).

The differences in management challenges for elk populations (i.e., conservation and population recovery for

some, reduction for others) typify a dichotomy of modern population management as a key component of eco-

system dynamics (Naiman 1988, Brussard et al. 1998, Allen et al. 2011, Chapron et al. 2014, Apollonio et al. 2017).

For the recovery of populations, studies seek to identify which combinations of vital rates yield positive population

trajectories. When population reduction is the goal for overabundant populations, the focus shifts to identifying

combinations of vital rates that will yield negative population growth (Barlow et al. 1997, McShea et al. 1997, Carey

et al. 2012). Given some vital rates are harder to manipulate than others through management and that some

contribute more to population growth than others, much effort has been expended on identifying combinations of

vital rates that can be expected to result in increasing or decreasing population trajectories (Gaillard et al. 1998,

Saether and Bakke 2000, Wisdom et al. 2000).

One common method of manipulating vital rates to affect changes in population trajectories is through harvest

(Apollonio et al. 2017, Festa‐Bianchet et al. 2017). But exploiting a population through harvest complicates the

understanding of how vital rates integrate to shape population trajectories, given the accumulating evidence for

harvested populations to display complex population dynamics (Glaser et al. 2014, Hastings et al. 2018, Krebs et al.

2018), and counter‐intuitive patterns arising from both intrinsic and extrinsic drivers (Bonenfant et al. 2009;

Bowyer et al. 2014, 2020; Koons et al. 2014). The dominant paradigm of ungulate population dynamics suggests

little variation in adult survival in non‐harvested populations coupled to substantial variation in offspring recruit-

ment (Gaillard et al. 1998); however, adult survival in exploited populations of ungulates can vary substantially and

affect population growth if the harvest mortality is additional to other sources of mortality (Brodie et al. 2013). An

unaddressed question in elk population dynamics is if there are consequences of harvest to the population tra-

jectories of elk beyond the reduction in adult survival if some fraction of the harvest is additive. There is ample

evidence that pregnancy rates of elk demonstrate age‐related variation characterized by lower pregnancy rates for

younger animals, higher rates for middle‐aged animals, and senescence‐related lower rates for older animals (Raithel

et al. 2007, Proffitt et al. 2014, Bender and Piasecke 2019). Such variation can set the stage for impacts to

population‐level recruitment rates from a shifted age structure, although the significance of the effects on popu-

lation dynamics are not well understood (Langvatn and Loison 1999, Coulson et al. 2001, 2004, Shelton et al. 2015,

Bender and Piasecke 2019).

The primary tool used to understand how vital rates integrate to shape the trajectories of populations are

population projection matrices (Caswell 2013), which have been used to inform management decisions for a variety

of species (Crowder et al. 1994, Heppell et al. 1996, Johnson et al. 2010). Although projection matrices are

commonly used to understand the asymptotic behavior of populations (e.g., stable age or stage structure, popu-

lation growth rate), for populations subject to a high degree of environmental or demographic stochasticity, con-

clusions from an asymptotic analysis may be misleading (Merrill et al. 2003; Koons et al. 2005, 2006). Both of these

sources of stochasticity are relevant to populations of ungulates (Lande 1993, Johnson et al. 2010). An asymptotic

analysis of population dynamics can also be inappropriate given the comparatively shorter time scale over which

management actions are taken. Under such circumstances, a population will experience temporal variation in vital
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rates, age‐structure, and size such that transient population dynamics will be of particular interest for management

(Yearsley 2004, Koons et al. 2005). Despite the drawbacks of asymptotic analyses, the use of stochastic population

models focused on shorter‐term dynamics is still rare, and we are aware of no published studies on elk that

incorporated stochastic population projections to characterize uncertainty in population trajectories over time with

a focus on transient dynamics.

The lack of stochastic population projections for elk is understandable given the data requirements for using

stochastic population projection matrices with a fully age‐dependent structure (Tuljapurkar 1989, Caswell 2013).

Estimating age‐specific vital rates is a challenging task for elk given the expense and logistical challenges involved,

and such challenges have led to the use of age classes (e.g., young, prime, old, senescent) to aggregate data for

estimation (Raithel et al. 2007, Proffitt et al. 2014). Yet this aggregation of age classes can mask important transient

dynamics that depend on finer age‐specific detail present among individuals that compose the real population

(Tenhumberg et al. 2009, Stott et al. 2011). Moreover, stochastic population projection matrices require estimates

of the biological variability in each rate (i.e., the process variation; Burnham 2012) to parameterize the distributions

of vital rates (Tuljapurkar 1989, Caswell 2013), which adds to the already‐difficult challenge of estimating age‐

specific vital rates. Combined, these challenges have limited the ability of previous research to evaluate the impacts

of harvest on elk population dynamics using fully age‐structured, stochastic population projection matrices. As a

consequence, we have a poor understanding of how variation in vital rates due to environmental drivers, age

structure, and harvest integrate to define population trajectories and, in turn, the combinations of vital rates that

support either the recovery or reduction of a population.

Our objective was to fill in gaps in our understanding of the dynamics of harvested elk populations by achieving

3 goals: 1) estimate age‐specific vital rates and their variances to parameterize stochastic population projection

matrices, 2) use stochastic population projections to assess the impacts on population trajectories of harvest and

varying vital rates using simulations, and 3) identify the possible effects of different combinations of vital rates on

population trajectories. For our second and third goals, we considered 3 simulation scenarios that addressed 1) the

most general consequences of harvest on age structure and population dynamics, 2) the combinations of vital rates

and harvest required for a population to grow, and 3) the levels of harvest required to reduce a growing population.

If simulated harvest resulted in a shift of the age structure of a population towards younger animals with lower

probabilities of pregnancy and survival, we would predict a negative impact on population growth rates. We then

further explored the potential consequences of this shift in age structure in the context of 2 clear management

questions (2 and 3, above).

STUDY AREA

We used information from multiple populations of elk across Montana, USA (~147,000 km2), information that was

unbalanced among populations and years (2003–2020; Figure 1). Populations were defined based on wintering

distributions and predominately located in west‐central and southwestern Montana, areas with mixed physiography

generally defined by mountainous terrain and intermontane valleys, elevations across populations from 636m to

3,173m, and climate conditions ranging from hot summers (30‐year average [1981–2010] Jul temperatures: 13.0°C

to 21.9°C) to cool winters (30‐year average [1981–2010] Jan temperatures: −7.7°C to −2.3°C) and wide variation in

annual precipitation (30‐year average [1981–2010]: 307.9 mm to 871.7 mm; PRISM Climate Group 2012).

These populations are generally sympatric with a variety of other ungulate species including pronghorn (Antilocapra

americana), white‐tailed deer (Odocoileus virginianus), mule deer (Odocoileus hemionus), bighorn sheep (Ovis

canadensis), and mountain goats (Oreamnos americanus). In the past 2 decades, portions of this area have also seen

the recovery of large carnivore species such that it now hosts the intact suite of native predators including wolves

(Canis lupus), mountain lions (Felis concolor), grizzly bears (Ursus arctos), and black bears (Ursus americanus). Two

populations were located in north‐central Montana, an area with physiography defined by prairie breaks adjacent to
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the Missouri River. These populations generally share the suite of sympatric ungulates with the west‐central and

southwestern Montana populations (with the exception of mountain goats) but are not subject to predation from

wolves and grizzly bears. The predominate vegetation groups varied across the western, south‐western, and south‐

central portions of the state from a mix of montane forest (e.g., lodgepole pine [Pinus contorta], Douglas fir

[Pseudotsuga menziesii], and aspen [Populus tremuloides]), open sage‐grassland (e.g., big sagebrush [Artemesia

tridentata], blue‐bunch wheatgrass [Pseudoroegneria spicata], and Idaho fescue [Festuca idahoensis]), upland grass-

lands, and alpine areas. The vegetation in the north‐central region of Montana was dominated by big sagebrush and

mixed‐grass prairie, riparian areas dominated by prairie cottonwood (Populus sargentii) and willow (Salix spp.), and

steep coulees dominated by Rocky Mountain juniper (Juniperus scopulorum) and ponderosa pine (Pinus ponderosa).

METHODS

Our analytical approach required 2 steps: first, estimating age‐specific vital rates and process variances, and second,

using the distributions of vital rates to construct population models to understand the effects of harvests on

populations through simulations. We focused on only the female component of the population, under the as-

sumption that males were not a limiting factor.

Estimating age‐specific vital rates and process variances

To estimate pregnancy and survival rates, we used a large data set from the Montana Department of Fish, Wildlife,

and Parks that included pregnancy tests and known‐fate survival information from the monitoring of global posi-

tioning system (GPS)‐collared elk from multiple populations and years. Researchers captured animals during

December–March using a combination of helicopter net‐gunning and chemical immobilization. They assessed

pregnancy using pregnancy‐specific protein B assays (Noyes et al. 1997). Crews estimated the age of each animal at

the time of capture either from an extracted tooth and subsequent aging based on cementum annuli counts, or from

eruption and wear patterns (Keiss 1969, Hamlin et al. 2000). We used the GPS collar data to monitor survival and

determine date of death and censored any records that had <7 days of monitoring to remove any capture‐related

mortalities.

We estimated age‐specific pregnancy and annual survival rates and their process variances using a single,

flexible model. In the model for each vital rate, the probabilities of pregnancy or survival had an expected, age‐

specific value that we modeled using a penalized thin‐plate spline approach with a parsimonious a priori definition

F IGURE 1 Approximate locations of wintering elk populations in Montana, USA, that we used to estimate
age‐specific survival (2003–2019) and pregnancy (2005–2020) rates. Shading indicates elevation with darker areas
of higher elevation
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of 3 knots (ages 6, 11, and 16) to provide a simple, flexible model form (Crainiceanu et al. 2005). We chose this

approach given our primary goal was estimating age‐related patterns of variation in vital rates, rather than testing a priori

hypotheses about such variation from life‐history theory using defined model forms (e.g., a quadratic form to test for

evidence of actuarial senescence). We acknowledge splines may suffer from poor fit near the boundaries of data;

however, their overall flexibility in the face of the technical challenges of selecting the best model in a mixed‐modeling

framework (i.e., choosing which model form inference should be based on) outweighs their drawbacks for our purposes.

To assess the degree of model‐induced smoothing and the robustness of our results to our approach, we also fit a

version of the model with independent, age‐specific vital rates for comparison (i.e., no smoothing). We used a random‐

effects interpretation of process variance (White 2000, Burnham and White 2002): for every population‐year, we

allowed age‐specific vital rates to deviate from the expected value using an additive random effect across ages, we

interpreted the variance of the random effect as process variance incorporating both temporal and spatial variation.

Pregnancy

We used a logistic‐regression approach in a Bayesian framework to estimate age‐specific probabilities of pregnancy

and process variance. We modeled the result of a pregnancy test (Pregi t, : 0 = no, 1 = yes) for individual i in year t as a

Bernoulli random variable:

( )PPreg Bernoulli .i t, popyear
age

i t
i t

,
,

The probability of pregnancy (Ppopyear
age

i t
i t

,
, ) was a function of the age of individual i in year t with an additive

random effect for the population year, and modeled using the logit link:

( )P α bZlogit = + + ϵ ,popyear
age

age popyeari t
i t

i t i t,
,

, ,

where α was an overall intercept, b was the vector of coefficients corresponding to the spline component of the

model, Zagei t, was the component of the spline basis corresponding to age of individual i in year t, and ϵpopyeari t, was

the additive random effect for the population‐year. The following priors complete the model specification:

( )

α

b σ

σ

ϵ σ

σ

Logistic(0, 1)

Normal(0, ), n = 1, 2, 3

Uniform(0, 10)

Normal 0,

Uniform(0, 10).

n

P

P

popyear pv

pv









Under this model definition, we interpreted σP
pv as the process variance for pregnancy rates. Our model

formulation conflates process variation in this vital rate across populations and through time (i.e., the combination

of spatial and temporal process variances). Finally, our model for the probabilities of pregnancy made 2 simplifying

assumptions: the probability of pregnancy for calves was 0, and multiple years of pregnancy tests on individuals

were treated as entirely independent sampling events.

Annual female survival

To accommodate the staggered entry and exit of individuals in the known‐fate data set, we used the ragged

telemetry approach in a Bayesian framework previously used to model known‐fate nest survival in birds to estimate
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annual adult female survival (Schmidt et al. 2010). Here, we modeled the fate of individual i in year t (Alivei t, :

1 = survived, 0 = died) as a Bernoulli random variable:









( )SAlive Bernoulli ,i t, popyear

age
i t

i t

i t

,
,

days ,
365

with the probability of survival modeled as a function of the age‐specific annual survival rate (S) for that population‐

year factored into a daily survival rate ( 1

365
) and then raised to the value of the number of days in that individual's

monitoring record in that year (daysi t, ). We modeled the age‐specific probabilities of annual survival using the

logit link:

( )S α bZlogit = + + ϵ ,popyear
age

age popyeari t
i t

i t i t,
,

, ,

where α was an overall intercept, b was the vector of coefficients corresponding to the spline component of the

model, Zagei t, was the component of the spline basis corresponding to age of individual i in year t, and ϵpopyeari t, was

the additive random effect for the population‐year. The following priors complete the model specification:

( )

α

b σ n

σ

σ

σ

~ Logistic(0, 1)

~ Normal(0, ), = 1, 2, 3

~ Uniform(0, 10)

ϵ ~ Normal 0,

~ Uniform(0, 10).

n

S

S

popyear pv

pv

adult

adult

Under this model definition, we interpreted σS
pv

adult
as the process variance for survival rates. Our model for the

probability of annual survival was specifically for non‐harvest mortality, and we truncated monitoring records at the

day prior to death for those individuals that were harvested. Notably, this conflates all other sources of mortality

aside from reported hunting offtake into a single category of natural mortality.

We did not have the information required to directly estimate the probability of calf survival and to estimate its

process variance. Therefore, we searched the scientific literature to curate a list of sources that estimated annual

calf survival for multiple years and that included either the standard error for each estimate or the sample size each

estimate was based on. We then estimated the process variance within each study across the years by separating

the sampling variance from the total variance (White 2000; available in Supporting Information). We used the

approximate mean value of these estimated process variances in our simulations (σS
pv

0
).

Model fitting and evaluation

We fit all models using the runjags package (Denwood 2016) as an interface to the JAGS program for Markov chain

Monte Carlo sampling (Plummer 2003) in the R programming environment (R Core Team 2020). We ran pregnancy

models for 20,000 iterations with the first 10,000 discarded as burn‐in, and survival models for 30,000 iterations

with the first 10,000 discarded as burn‐in (the higher number of iterations for survival was suggested by initial

model runs for adequate convergence). We graphically assessed convergence of each model using traceplots.

Because aging of animals by eruption and wear patterns may be unreliable for older‐aged elk, we treated all

ages >12 years estimated from eruption and wear patterns as missing data. We assigned a vague prior to these ages

using a categorial distribution with an equal probability of ages from 12–21 years. We assumed that all assigned

ages <12 years based on both cementum annuli and eruption or wear patterns were accurate. To ensure that our
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results were robust to the inclusion of data from animals whose ages were based upon eruption or wear

patterns and the cementum annuli method, we ran an additional version of the pregnancy and survival models

that used only ages based on cementum annuli. We then compared results of the models that used the entire

dataset and the cementum annuli‐only data set using a simple graphical comparison of the age‐specific esti-

mated vital rates.

Population modeling to understand the effects of harvest

Our second major goal was to understand the consequences of harvest for elk population dynamics. We used a fully

age‐structured (0–21 yr), female‐specific population based on a pre‐birth pulse census design as the basis for our

simulated population trajectories to match the manner in which most elk populations are surveyed (i.e., in late

winter and early spring when the population is composed of calves [<1 yr; N0], yearlings [1–2 yr; N1)], …). We used

the binomial distribution to incorporate demographic stochasticity in our population projections.

To keep track of the different components of calf recruitment, we modeled the production of calves in year t

with a multi‐step process. At the beginning of biological year t (i.e., the birth‐pulse), we modeled the total number of

female calves born (Total Calvest) as the sum of female calves born to all ages of adult females from the pre-

vious year:

∑Total Calves = Calvest t
age=1

21
age

P NCalves Binomial(0.5 × , ),t t t
age

−1
age

−1
age

where Calvest
1 would represent the number of female calves born at the start of year t (assuming an equal sex ratio

at birth) to females that became pregnant as yearlings in year t − 1 (Nt−1
1 ). This assumed a litter size of 1, a reasonable

assumption given the rarity of a female elk producing >1 offspring (Bubenik 1982).

To incorporate harvest in the survival process, we used a simple mortality model where animals of each age

(1–21) were removed in proportion to their representation in the total population. First, to incorporate ran-

domness in the harvest process and acknowledge the real‐world disjunction between a specified and achieved

harvest rate, we simply drew a random value of annual harvest (ht) from a truncated normal distribution

(truncated to between 0 and 1) parameterized by the mean equal to the specified harvest rate and a standard

deviation of 0.02. For example, an annual harvest rate with an expected value 0.10 would be drawn from a

Normal(0.10, 0.02) distribution, which yields a distribution of random harvest rates with a mean of 0.10 and 1%

and 99% quantiles of 0.05 and 0.15:

h ~ Truncated Normal(harvest rate, 0.02).t

The total number of animals removed was then a function of ht and the size of the population in the previous

year:

( )h N N N NTotal Harvest = × + + + + .t t
t t t t
0
−1

1
−1

2
−1

21
−1⋯

We apportioned the total number of animals harvested (Total Harvestt) into age‐specific harvests (Harvestt
age)

using a multinomial distribution:







 πHarvest , Harvest , …, Harvest ~ Multinomial( , Total Harvest ).t t t t t

0 1 21
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We accounted for the fact that calves born in year t are represented in annual harvests by assuming that 2% of

the harvested total of females in each year was composed of female calves (Appendix A, available in Supporting

Information), and assumed the remainder was proportional:











N

N N

N

N N
π = 0.02, 0.98 ×

+ +
, …, 0.98 ×

+ +
,t

t

t t

t

t t

−1
0

−1
0

−1
21

−1
21

−1
0

−1
21⋯ ⋯

where the number of yearlings harvested in year t was a function of the total harvest and the proportion of calves

at the end of year t − 1


 


N

N N+ +

t

t t

−1
0

−1
0

−1
21⋯

. We then constrained harvest to be zero for any age class that had an

abundance of zero. Finally, we incorporated the number harvested in each age in population projections by sub-

tracting the harvest from the relevant age group prior to the survival process in year t:

N S NBinomial( , − Harvest ).t t t t
age age

−1
age−1 age

We recycled the estimated survival rate for 21‐year‐olds, creating a ≥21 age class in the model:

N S N NBinomial( , + − (Harvest + Harvest ))t t t t t t
21 21

−1
20

−1
21 20 21 . There are 3 substantial assumptions made by this

model. First, it is a simplification of the actual biological year wherein all animals are exposed to potential natural

mortality from spring to late summer, subject to harvest in addition to natural mortality in the late summer to late

fall, and then exposed to natural mortality in the winter and late spring (i.e., fall harvest is assumed to occur before

any other mortality sources act on the population, including wounding loss and summer mortality). Second, it

assumes complete additive harvest mortality. Third, it ignores density dependence. We did not incorporate density

dependence in our model, which would be unlikely for the simulated populations under consideration: either small

and recovering populations or large and currently growing populations not under apparent resource limitation.

To incorporate environmental stochasticity in age‐specific probabilities of pregnancy and survival, we used a

framework identical to the model used for vital rate estimation: we drew a year‐specific random effect (pregnancy:

ξP, survival: ξS) from a mean‐zero normal distribution defined by the estimated process variance on the logit scale

and then added that to expected age‐specific vital rate (i.e., an additive structure in which a year that was good or

bad applied to all age classes). For calf survival, we drew a random value from a beta distribution that was

parameterized using the mean and variance form. Each random draw of either the random effect on the logit scale

(pregnancy and survival) or calf survival was independent and no covariation between rates was incorporated. For

example, at each time step we made the following draws:

( )
( )

( )ξ σ

ξ σ

S S σ

Pregnancy: ~ Normal 0,

Adult survival: ~ Normal 0, , age = 1,2, …, 21

Calf survival: ~ Beta mean = *, variance =

P
pv
P

S
pv
S

pv
S0
calf

adult

and calculated vital rates as:

P E P ξ

S E S ξ

Pregnancy: logit( ) = ( ) +

Adult survival: logit( ) = ( ) +
,

P

S

age age

age age

where S* was a specified mean value of calf survival. We calculated the expected values for age‐specific pregnancy

and survival, E P( age) and E S( )age , using the results from the spline formulation from the models for vital rate

estimates using the median value of the b coefficients from the approximate posterior distribution. Similarly, we
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used the median of the approximate posterior distribution of σpv
P and σpv

Sadult
to characterize the distributions (we did

not include uncertainty in coefficient estimation).

Simulation space

Simulations based on this model required specifying a modest set of parameters: mean calf survival, initial popu-

lation size, and harvest rate. Our 3 key questions related to elk population dynamics required 3 separate scenarios

to address (Table 1). To evaluate the most general effects of how harvest affects the age distribution of a popu-

lation (scenario 1), we chose an initial population size of 1,000 females and a mean calf survival rate of 0.5. To

allocate the initial 1,000 females into each age at the first time step, we made an initial draw of all vital rates and

TABLE 1 Definition of simulation scenarios used to understand how harvest was related to elk population
dynamics based on elk survival and pregnancy rate data collected in Montana, USA, 2003–2020. We used scenario
1 to generally understand how harvest affects population dynamics, scenario 2 to assess how different
combinations of vital rates could result in positive population trajectories for a population with poor demographic
performance, and scenario 3 to assess the harvest rates required to abate the growth of a rapidly growing
population, and any temporally lagged effects of harvest. We defined each simulation scenario by the initial
population size, the mean value of annual calf survival (S*), and the expected harvest rates over 3 intervals: 0–10
years, 11–20 years, and 21–30 years

Starting
population S*

Expected harvest
from 0–10 years

Expected harvest
from 11–20 years

Expected harvest
from 21–30 years

Scenario 1 1,000 0.50 0.00 0.10 0.10

0.00 0.20 0.20

0.00 0.30 0.30

Scenario 2 500 0.25 0.00 0.00 0.00

0.10 0.10 0.10

0.20 0.20 0.20

0.40 0.00 0.00 0.00

0.10 0.10 0.10

0.20 0.20 0.20

0.55 0.00 0.00 0.00

0.10 0.10 0.10

0.20 0.20 0.20

0.70 0.00 0.00 0.00

0.10 0.10 0.10

0.20 0.20 0.20

Scenario 3 5,000 0.75 0.10 0.00 0.10

0.10 0.10 0.10

0.10 0.20 0.10

0.10 0.30 0.10
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constructed a population projection matrix using those values. We then used the stable age distribution for that

single draw of vital rates to allocate the initial total into ages, the integrated result of which was stochasticity in

initial age distributions for the simulations. To understand the dynamics of populations based on our vital rates in

the absence of harvest, we allowed every simulation to run for 10 time steps (years) with no harvest (harvest rate =

0). To characterize the impact of harvest on populations, we then followed that initial 10‐year period by a 20‐year

period wherein the specified harvest rate in every year was 0.10, 0.20, or 0.30.

To address our second scenario regarding how the dynamics of a struggling population with low mean calf

survival that has already been exposed to harvest can be affected by combinations of varying calf survival and

harvest rates (scenario 2), we simulated a small population (initial size of 500 females) with a lower mean calf

survival rate of 0.25. To allocate the 500 females into each age at the first time step, we used the age distributions

at the final step of the first simulation scenario (i.e., a population that had been exposed to steady harvest for

20 years at a harvest rate of 0.10). We allowed every simulated population to run for an initial period of 10 years at

a modest harvest rate of 0.10 with the low mean calf survival rate of 0.25, and then defined a set of simulation sub‐

scenarios based on manipulating mean overall calf survival (values of 0.25, 0.40, 0.55, or 0.75) and harvest rates

(0, 0.10, and 0.20) for the next 20 years, resulting in 12 total sub‐scenarios (4 values of calf survival and 3 values of

harvest rates).

To address our third scenario regarding how harvest can arrest or reverse the population growth of large,

productive populations (scenario 3), we simulated a large (5,000 females), productive (mean calf survival = 0.75)

population. To allocate the initial 5,000 females into each age at the first time step, we used the same strategy as

our first simulation scenario (using the stable age distribution from a random population projection matrix). To

understand the population dynamics of such populations in response to harvest, we allowed every simulation to run

for an initial period of 10 years at a modest harvest rate of 0.10 and then defined our simulation sub‐scenarios

based on the harvest rate in the next 10 years (0.10, 0.20, and 0.30) for 3 total sub‐scenarios. Finally, to assess any

longer‐term impacts on population dynamics from higher harvest rates, we ran all population projections for the

simulations for the final 10 years at the reduced, initial harvest rate of 0.10.

Our simulated population trajectories were the integrated result of multiple sources of variation, including age‐

specific vital rates and process variance in vital rates. To help reduce the dimensionality of the results, we define

2 metrics of the structure of a population to help visualize the impact that these multiple sources of variation have

on population trajectories: the ratio of female calves born at the beginning of year t to the number of adult females

in year t − 1 (Calf ratio =t N N

Total Calves

+ +

t

t t−1
1

−1
21⋯

just after the birth pulse), and the ratio of calves that survived year t to the

number of adult females in year t − 1 (i.e., a recruitment ratio: Recruitment ratio =t N N

N

+ +

t

t t

0

−1
1

−1
21⋯

at the end of the

biological year). Finally, we define the population growth rate in year t, λt, as λ =t

N

N

t
Total

t
Total
+1 , where Nt

Total is the total

number of animals across all age classes in year t.

RESULTS

The pregnancy data set included 1,005 individual records, with 23 yearlings aged by tooth eruption patterns, 604

adults aged by eruption or wear patterns, and 340 aged by cementum annuli (Appendix B, available in Supporting

Information). Ages ranged from 1–19 years (Appendix B, Table B1). There were 38 individuals with missing ages.

These data were from 25 populations sampled in 15 years, for a combined total of 41 population‐years (Appendix B,

Figure B1). The survival data set included 912 individual records with 18 yearlings at the time of collaring aged by

eruption patterns, 468 adults aged by eruption or wear patterns, and 386 aged by cementum annuli (Appendix B).

Ages ranged from 1–19 years of age. There were 40 individuals with missing ages. These data were from 27

populations sampled in 18 years at the time of collaring, for a combined total of 100 population‐years of monitoring
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(Appendix B, Table B2). Finally, there were 78 non‐harvest‐related mortalities broadly distributed across ages and

years (Appendix B, Figure B2), and 70 harvest mortalities that were censored to the day prior to harvest.

Estimating age‐specific vital rates and process variances

We found evidence for age‐related patterns of variation in both pregnancy and survival (Figure 2; details in

Appendix C, available in Supporting Information). Yearlings had an estimated probability of pregnancy that was

lower than values for all but the oldest‐aged elk (median of approximate posterior distribution = 0.52, 90% highest

posterior density credible interval [CrI] = 0.37, 0.65). There was a plateau of pregnancy probabilities across ages for

adult elk (Figure 2). Age‐related variation in survival rates showed a similar plateau (Figure 2). In contrast to the

results for pregnancy rates, we found no evidence for overall lower survival for yearlings (0.98, 90% CrI = 0.90,

1.00); however, because of the timing of collaring, yearlings were only monitored for a few months in the late

winter and early spring and, as a result, these survival rates are likely biased high.

We found evidence for process variation in the probability of pregnancy (σpv
preg = 0.82, 90% CrI = 0.62, 1.00, on

the logit scale, Appendix C). This translated into variation in pregnancy rates on the probability scale (Figure 3),

although the additive nature of our model on the logit scale implied that variation was attenuated for pregnancy

rates that were otherwise high. For example, the probability of pregnancy for yearlings ranged from 0.21 (90%

CrI = 0.08, 0.43) to 0.76 (90% CrI = 0.53, 0.91), and only from 0.82 (90% CrI = 0.67, 0.92) to 0.98 (90% CrI = 0.95,

0.99) for a 7‐year‐old. In contrast, we found comparatively limited evidence for process variation in the probability

F IGURE 2 Age‐specific elk pregnancy (A, from years 2005–2020) and survival (B, from years 2003–2019) rates
estimated using a generalized additive modeling approach and data from 25 and 27 populations, respectively, of elk
in Montana, USA. The dot indicates the median of the approximate posterior distribution, and the line represents
the 90% highest posterior density credible interval. Knots were pre‐defined at ages 6, 11, and 16
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of survival (σpv
S = 0.31, 90% CrI = 0.00, 0.68 on the logit scale) that translated into limited variation on the probability

scale. For example, the probabilities of annual survival for a yearling ranged from 0.97 (90% CrI = 0.86, 1.00) to 0.98

(90% CrI = 0.91, 1.00), and from 0.94 (90% CrI = 0.85, 0.96) to 0.96 (90% CrI = 0.93, 0.99) for a 7‐year‐old. Because

of the additive nature of our model on the logit scale, this small value of process variation resulted in more variation

for those ages with lower overall survival; for example, estimated survival had a minimum value of 0.16 (90%

CrI = 0.02, 0.52) and a maximum value of 0.25 (90% CrI = 0.05, 0.65) for a 21‐year‐old, even if the wide credible

intervals prevented strong inference.

For calf survival, our literature search resulted in 11 sources with the required information to estimate process

variance. Across these studies, process variance had an overall approximate mean value of 0.01 and ranged from

0.00 to 0.04 (Appendix C, Figure C1). We used the median value to parameterize the distribution of annual calf

survival rates for the population projections.

We combined the age‐specific estimates of pregnancy and survival with their process variances and generated

the distributions of vital rates used for simulated population projections. To illustrate the magnitude of variation

associated with these vital rates, we drew 10,000 samples for each age‐specific vital rate from the distribution on

the logit scale that was parameterized by the age‐specific expected value and the process variance (Appendix C,

Figure C2). Our inference on age‐related variation in vital rates was robust to 2 key assumptions of our modeling

approach: the use of information from animals with ages estimated from eruption or wear patterns (Appendix D,

Figure D1), and our use of penalized splines as a smoothing function to estimate age‐specific vital rates across an

uneven distribution of animal ages at collaring (Appendix D, Figure D2).

F IGURE 3 Variation in age‐specific elk pregnancy (A, from years 2005–2020) and survival (B, from years
2003–2019) rates among populations and years estimated using a generalized additive modeling approach and data
from 25 and 27 populations, respectively, of elk in Montana, USA. The dot indicates the median of the approximate
posterior distribution for the age‐specific vital rate in a population‐year, and the line represents the 90% highest
posterior density credible interval
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Population modeling to understand the effects of harvest

In our first scenario to understand the general consequences of harvest on population dynamics, the additional

mortality due to simulated harvest had an impact on population trajectories (scenario 1; Figure 4A), and a modest

impact on the age structure of a population (Figure 4B). Across simulations and years, annual population growth

rates (λt) during the non‐harvest period (years 1 to 10) had a median value of 1.12, with a range from the 1st to 99th

percentile of values from 1.02 to 1.23 (i.e., the variation in annual growth rates across simulations and years,

F IGURE 4 Simulation results for scenario 1 (mean calf survival, S* = 0.5) across time (years) for elk population
trajectories based on estimated pregnancy (data from 2005–2020) and survival rates (data from 2003–2019) from
elk in Montana, USA. Panel A illustrates simulated population trajectories: years 1–10 with harvest rate = 0, and a
variety of harvest rates (colors) from years 11–30. The inset graphs show the distribution of population growth
rates across simulations and years during each period. Panel B illustrates the impact of harvest on the age structure
of a population, indexed by the proportion of the adult population composed of animals aged 1–2 and animals aged
3–16. Lines indicate the median value across simulations and years. The ribbon indicates the 1st and 99th percentile
of values
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denoted as 98% percentile interval [PI], PI = 1.02, 1.23), with a median geometric mean population growth rate

(λgeo ) across simulations of 1.12 (98% PI = 1.09, 1.15; i.e., the range in long‐term growth rates across simulations). In

contrast, across simulations and years 11–30 the distribution of population growth rates declined commensurate

with increasing harvest (harvest = 0.1: median λt = 0.99 [98% PI = 0.89, 1.11], harvest = 0.2: median λt = 0.87 [98%

PI = 0.76, 0.98], harvest = 0.3: median λt = 0.75 [98% PI = 0.61, 1.00]), as did the geometric mean population growth

rates (harvest = 0.1: median λgeo = 0.99 [98% PI = 0.97, 1.02], harvest = 0.2: median λgeo = 0.87 [98% PI = 0.84,

0.89], harvest = 0.3: median λgeo = 0.75 [98% PI = 0.72, 0.77]). These population growth rates are likely overly

optimistic given the positive bias we suspect for yearling survival rates. The increased mortality due to harvest had a

modest impact on the age structure of the population. Results from vital rate estimates suggested that pregnancy

F IGURE 5 The influence of harvest on age structure and reproductive productivity (scenario 1) for simulated elk
population trajectories based on estimated pregnancy (data from 2005–2020) and survival rates (data from
2003–2019) from elk in Montana, USA. Panel A illustrates the impact of shifting the age structure towards younger
animals in year t − 1 (Youngt−1) on the production of female calves at the beginning of year t (female calves born per
adult female) at a series of approximately constant value of mean pregnancy of animals aged 1–2 (e.g., 0.48–0.50, …,
0.88–0.90). Black dots represent individual simulations, and the red line represents a post hoc, descriptive linear
regression showing the expected relationship. Panel B illustrates the distribution of age structure values at a variety of
harvest rates
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rates were lower only for animals ages 1–2, and we used this age group as an index for the structure of the

population. Across simulations and years, the proportion of the adult female population (ages 1–21) that was

composed of young animals (ages 1–2; Youngt) during the first 10 years had a median value of 0.30 (98% PI = 0.20,

0.38), compared to the proportion composed of older animals (ages 3–16; median = 0.69 [98% PI = 0.61, 0.78]).

Values of Youngt across simulations and years increased with harvest (harvest = 0.1: median Youngt = 0.32 [98%

PI = 0.22, 0.41]), harvest = 0.2: median Youngt= 0.35 [98% PI = 0.23, 0.46]), harvest = 0.3: median Youngt = 0.38

[98% PI = 0.10, 0.63]), although the multiple layers of stochasticity in the simulations resulted in distributions of

Youngt that overlapped across harvest rates.

This shift in the age structure towards younger animals had a modest impact on population‐level vital rates

related to reproduction (Figure 5). The production of female calves at the start of the biological year was a

function of the stochastic, age‐specific pregnancy rates and the age structure in the prior year when animals

became pregnant (i.e., Youngt−1). Post hoc, we wanted to parse the relative influences of the age‐structure and

pregnancy rates. Therefore, we binned the average pregnancy rates of 1–2‐year‐olds and then examined the

relationship between the production of female calves at the start of the biological year and the proportion of

the population composed of these young animals in year t – 1 (i.e., held pregnancy rates for these young animals

constant). We found that the influence of age structure on the production of female calves declined as mean

pregnancy rates increased (i.e., more closely resembled the pregnancy rates of older animals). Post hoc, de-

scriptive linear regressions of female calf production on age structure suggested that when mean pregnancy

rates of 1–2‐year‐olds was low (0.48–0.50), increasing Youngt−1 over its range was associated with a decline in

Calf Ratiot(defined in Methods) from 0.39 to 0.32. As mean pregnancy values for 1–2‐year‐olds increased to

between 0.88 and 0.98, this ratio declined from 0.48 to 0.46. Later in the biological year, the recruitment of

female calves at the end of year t was the product of the size of the female calf cohort and calf survival through

the year. To parse the relative influence of age structure on the resulting Recruitment ratiot (defined in

Methods), we similarly binned calf survival values and examined the relationship between the age structure,

calf survival, 2 binned values of mean pregnancy rates (0.48–0.50 and 0.88–0.98) and the recruitment ratio of

female calves at the end of year t (Recruitment ratiot; Figure 6). We found that the influence of age structure on

recruitment was trivial when mean pregnancy rates of 1–2‐year‐olds were high (0.88–0.90). Again, using post

hoc descriptive regressions, we found that at calf survival values from 0.48 to 0.50, increasing Youngt−1 over its

range had no effect on Recruitment ratiot. In contrast, we found that when mean pregnancy rates were lower

(0.48–0.50) and at calf survival values from 0.48 to 0.50, increasing Youngt over its range was associated with a

decline in Recruitment ratiot from 0.20 to 0.16.

We used the second scenario to understand how combinations of vital rates affected population growth rates

of small populations with marginal performance (indexed by population growth rates, scenario 2). Results indicated

that the demographic performance of a population with poor mean calf survival (0.25) and modestly diminished

productivity due to a shifted age structure could be increased by combinations of reduced harvest and improved

calf survival (Figure 7). Decreasing the harvest rate to 0 (Figure 7A) at the same mean value of calf survival of 0.25

resulted in population trajectories with marginal demographic performance: across simulations and years population

growth rates had a distribution with an overall median of 1.02 (98% PI = 0.93, 1.15), and a distribution of λgeo values

across simulations with a median of 1.02 (98% PI = 1.00, 1.05). Increasing calf survival in the absence of harvest

improved demographic performance such that an overall mean value of calf survival of 0.75 resulted in a dis-

tribution of λgeo values with a median of 1.20 (98% PI = 1.18, 1.21). At a harvest rate of 0.10 (Figure 7B), mean calf

survival values of 0.25 and 0.4 resulted in declining population trajectories in all cases (e.g., S* = 0.4: median

λgeo= 0.96 [98% PI = 0.94, 0.98]). Mean calf survival of 0.55 had marginal results for population growth (median

λgeo= 1.01 [98% PI = 0.99, 1.03]), and only mean calf survival values of 0.75 resulted in consistently high population

growth rates (median λgeo = 1.07 [98% PI = 1.05, 1.09]). At a harvest rate of 0.20, no value of mean calf survival

yielded consistently positive population trajectories (e.g., S* = 0.75: median λgeo = 0.94 [98% PI = 0.92, 0.96];

Figure 7C).
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F IGURE 6 The impact of shifting the age structure on the recruitment of female calves (scenario 1) for
simulated elk population trajectories based on estimated pregnancy (data from 2005–2020) and survival rates (data
from 2003–2019) from elk in Montana, USA. Panel A illustrates the effects of increasing the proportion of young
(aged 1–2) animals in year t − 1 and calf survival in year t on recruitment (values of which are indicated by tile
colors). In our simple model, recruitment was the product of 3 terms: the probabilities of pregnancy for young
animals, the proportion of young animals in the population (Youngt−1), and calf survival. To facilitate interpretation
of the results from the multidimensional simulation space, we present values of recruitment across the proportion
of young animals and calf survival at 2 approximately constant values of mean pregnancy rates for animals aged 1–2
(0.48–0.50 and 0.88–0.90). Panel B illustrates the effect of increasing the proportion of young animals on
recruitment at an approximately fixed value of calf survival (0.48–0.50), and 2 approximately constant values of
mean pregnancy rate for animals aged 1–2 in the previous year (0.48–0.50 and 0.88–0.90)
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In our third scenario to understand how combinations of vital rates influence demographic performance for a

rapidly growing population (scenario 3), we found that for a population with a moderate harvest (harvest rate =

0.10) and high calf survival (S* = 0.75), increases in harvest rate were required to decrease population growth rates

(Figure 8A). For comparison, a consistent harvest rate of 0.10 from years 1–30 resulted in population growth rates

across simulations and years with a median value of 1.07 (98% PI = 0.95, 1.18), and distribution of λgeo values with a

median of 1.07 (98% PI = 1.03, 1.10). Increasing the harvest rate to 0.20 from years 11–20 resulted in diminished

population growth rates with a median across simulations and years of 0.94 (98% PI = 0.83, 1.04), and a distribution

of λgeo values with a median of 0.94 (98% PI = 0.90, 0.97), distributions that further decreased at a higher harvest

F IGURE 7 Simulation results (scenario 2) for a population initiated with a shifted age structure due to harvest at
a variety of values for mean calf survival (S*) and harvest rates: harvest rate = 0 (A), harvest rate = 0.1 (B), and
harvest rate = 0.2 (C) for simulated elk population trajectories based on estimated pregnancy (data from
2005–2020) and survival rates (data from 2003–2019) from elk in Montana, USA. Within each plot, the solid line
indicates the median value across simulations, and the dashed lines indicate the 1st and 99th percentile of values
across time (years)
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F IGURE 8 Simulation results (scenario 3) for population trajectories from a productive population (mean calf
survival, S* = 0.75) for simulated elk population trajectories based on estimated pregnancy (data from 2005–2020)
and survival rates (data from 2003–2019) from elk in Montana, USA. Panel A illustrates simulated population
trajectories at a variety of harvest rates from year 11 to year 20 (harvest rates were fixed at 0.1 from years 1–10
and years 21–30). The solid line indicates the median across simulations, and the dashed lines indicate the 1st and
99th percentile of values. Panel B illustrates the age structure of the population through time, with the proportion
of the adults in the population composed of animals aged 1–2 and aged 3–16. The solid line indicates the median
across simulations, and the ribbon the 1st and 99th percentile of values. Vertical dotted lines indicate a change in
harvest rate at year 10 and year 20
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rate of 0.30 (distribution across simulations and years: median λt = 0.81 [98% PI = 0.71, 0.91], median λgeo = 0.81

[98% PI = 0.78, 0.84]). In each case of higher harvest, reducing the harvest rate back to 0.10 beginning in year 21

yielded distributions of population growth rates indistinguishable from the initial period (years 1–10; i.e., dis-

tribution across simulations and years: median λt = 1.07 [98% PI = 0.95, 1.19], median λgeo= 1.07 [98% PI = 1.03,

1.10]). The age structure of the population responded to increased harvest rates in years 11–20. Following an

approximately 4‐year unstable period (years 11–14), the distribution of the proportion of the population composed

of individuals aged 1–2 stabilized with a median value of 0.43 (98% PI = 0.33, 0.50) for a harvest rate of 0.20 and

0.47 (98% PI = 0.35, 0.55) for a harvest rate of 0.30 (Figure 8B). Similarly, reducing the harvest rate back to 0.10 in

year 21 induced an approximately 4‐year period of instability in the age structure before stabilizing with a dis-

tribution of the proportion of individuals aged 1–2 with a median of 0.40 (98% PI = 0.31, 0.47).

DISCUSSION

We found evidence for age‐related variation in elk pregnancy and survival rates that had population‐level im-

plications when simulated harvest shifted the age structure towards younger animals. The effects of shifts in age

structure due to harvest on population trajectories were modest in comparison to the effects of annual variation in

calf and adult survival. Our results provide minimum thresholds of calf survival and harvest rates to meet population

recovery or reduction objectives and suggest the impact on the age structure from harvest may have lagged effects

in the population. Additionally, our results provide context for variation in annual population growth rates in the

presence of multiple sources of variation in vital rates.

Understanding age‐related variation in the vital rates of iteroparous, long‐lived vertebrates such as elk has

received considerable attention from life‐history theory and empirical studies, and our estimates of age‐specific

probabilities of pregnancy and survival are largely confirmatory (Gaillard et al. 1998, Festa‐Bianchet et al. 2017,

Lemaître and Gaillard 2017, Bender and Piasecke 2019). Young animals frequently improve reproductive perfor-

mance with age because of a combination of increased experience with successive reproductive events and the

continued somatic investment after age at first reproduction, a pattern consistent with increasing pregnancy rates

with age for young elk documented here (Forslund and Pärt 1995, Gaillard et al. 1998, Blas et al. 2009). Similarly,

the decline in pregnancy rates for older animals estimated here is consistent with senescence‐related processes

diminishing the ability to meet and recover from the demands of annual reproduction (Lemaître and Gaillard 2017,

Bender and Piasecke 2019). In contrast, survival is expected to decrease with age from the age at first reproduction

as residual reproductive value declines with age and a trade‐off between survival and reproduction reduces the

energetic reserves dedicated to somatic maintenance each year (Kirkwood and Rose 1991, Nussey et al. 2013).

Finally, our finding of much higher process variation in pregnancy rates compared to survival rates is consistent with

the latter rate being demographically buffered against substantial process variation (Gaillard et al. 1998); however,

we acknowledge that our modeling approach based on splines could not formally assess evidence for predictions

about age‐related variation in vital rates. Future work using these same data could rigorously assess these hy-

potheses in a model‐selection framework using a set of a priori functional forms, although there are technical

challenges to model selection in mixed‐effects models (i.e., those incorporating fixed and random effects; Harrison

et al. 2018).

In addition to the well‐established importance of variation in adult survival and recruitment (predominately calf

survival) on asymptotic population growth rates of elk (Gaillard et al. 1998, Raithel et al. 2007, Harris et al. 2008,

Eacker et al. 2016), variation in the age structure due to harvest and simple stochasticity combined with age‐related

variation in pregnancy rates can play a modest role in shaping population trajectories (Gerber and Kendall 2016).

Although our work was specific to the female component of the population, the assumption of an equal sex ratio at

birth combined with our results broadly indicate that recruitment ratios of all calves (female and male) can vary up

to 0.08 calves recruited per female because of variation in the age structure alone. We suggest that these results
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are most likely conservative (i.e., an underestimate of the influence of age structure on population dynamics) for 3

reasons. First, we lacked any empirical information on age‐based bias in harvest and assumed animals were har-

vested in proportion to their representation in the population. If there is any bias in harvest away from younger

animals due to either hunter selection or animal behavior (Wright et al. 2006), the impact of harvest on age

structure would be more pronounced with an exaggerated proportion of the population composed of younger

animals. Second, our results were based on age‐related variation in pregnancy rates alone. But a relationship

between offspring survival and maternal age has been demonstrated in a variety of species, thought to be related to

maternal experience or body condition (Ozoga and Verme 1986, Côté and Festa‐Bianchet 2001, Proffitt et al. 2010,

Severud et al. 2019, Dion et al. 2020). If elk calves born to younger mothers have lower annual survival rates, then

the impact of variation in the age structure would be amplified. Third, our model specification treated harvest

mortality as essentially instantaneously removed (i.e., non‐harvest mortality acting on the portion of the population

removed immediately after harvest rather than harvest and non‐harvest mortality acting simultaneously). This is a

substantial assumption in our model, and future work is required to better understand how seasonal survival

integrates with harvest; given this assumption, we would expect our results to suffer from a positive bias in

population projections.

The simulation space that we used to understand how varying vital rates and harvest can be used to achieve

management goals of recovery or reduction was modest, yet it is a step forward for informed management of 2

realistic types of populations because of our use of a more complicated age structure, stochastic vital rates, and the

direct incorporation of a harvest model (DeCesare et al. 2012). For a recovering population with a low mean value

of calf survival (0.25), our results suggest that the population cannot sustain any additional adult mortality due to

harvest. Such low values of offspring survival have been reported in elk calves and juveniles of similar species owing

to combinations of disease, predation, and environmental effects (Festa‐Bianchet 1988, Myers et al. 1998, Portier

et al. 1998, Douglas 2001, Zager et al. 2005, Raithel et al. 2007). To the extent that these factors can be ma-

nipulated through management to increase in calf survival, harvest can co‐exist with a recovering population;

however, if the limiting factors of calf survival cannot be controlled by management, eliminating harvest may be the

sole remaining option for population recovery. A limitation of our simulation space for such populations was our

assumption that 2% of the specified harvest was composed of calves each year. This may be unrealistic if a very

large proportion of the population is composed of calves in any given year (under‐specifying the likely harvest of

calves), and a more rigorous treatment of this component of our harvest model could expand on this point to assess

the impact of episodic high calf harvest on population trajectories.

Alternatively, we demonstrated a key relationship between calf survival, harvest rates, and population growth

rates that has management implications for large, growing populations that have a management goal for reduction.

For populations with higher mean calf survival (0.55 and 0.75), harvest rates of 0.10 were insufficient to abate or

reverse population growth; only at high harvest rates of 0.20 were population growth rates reliably less than 1. This

has consequences for the management of populations that are exceeding objectives given that such high harvests

are not always achievable (Garrott et al. 1993, Valente et al. 2020). Where harvest rates are disconnected from

hunter opportunity (i.e., an increase in licenses fails to translate into an increase in harvest) because of combinations

of land ownership patterns, physiography, and hunter pressure, required harvest rates may be practically un-

attainable, suggesting alternative management strategies such as direct management removals or manipulating

reproduction via contraception would be required to limit or reduce population growth (McShea et al. 1997, Brown

et al. 2000, Merrill et al. 2003, Nugent and Choquenot 2004, Bradford and Hobbs 2008). Compounding this

problem is the structure of our simple mortality model where harvest was additional to other sources of mortality;

to the extent that any of the additional harvest is compensatory, even higher harvest rates would be required to

achieve the same result. Moreover, our assumption of simple additional harvest mortality overlooked a potentially

substantial source of mortality on hunted populations; where legally reported harvests underestimate the impact of

hunting because of unreported wounding loss (Slabach et al. 2018), harvest mortality may be a super‐additive

process.
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Our results demonstrate that the effects of varying harvest can have a temporally lagged impact on the age

structure of the population. These effects are likely quite modest when compared to the importance of variation in

calf and adult survival for population growth rates, and our results show them to be insignificant when the

pregnancy rates of young animals more closely resemble those of older animals. We speculate that these effects

could become important when changes in harvest rates are due to a broader concern over diminished reproduction

or survival of a population in general. For example, when a population is below population objective or social

carrying capacity and a decline in reproduction or adult survival prompts regulation changes to reduce harvest, our

results suggest that it may take several years for the age structure of the population to recover. If the decline in

reproduction affects younger animals, overall recruitment could be depressed by a higher proportion of younger‐

aged animals, even if calf survival is constant. We stress that our model was density‐independent, given our focus

on small, recovering populations or large, rapidly growing populations targeted for reduction, and that the role of

density dependence in moderating the influence of a variable age structure on population trajectories is poorly

understood. This could be particularly relevant if harvest interacts with density‐dependent processes to alter age‐

specific fecundities, rather than simply changing the probability of survival.

Our approach and results have implications for understanding the dynamics of harvested elk populations.

We are aware of no other studies that simultaneously estimated the age‐specific probabilities of pregnancy and

survival along with their process variances in the same modeling framework. Our results allow future work to

use a single, coherent structure of vital rate estimates for population projections. Further, our results strongly

indicate that aggregating information from various ages into age classes and across populations (particularly for

survival) is justified when data limitations prevent fully population‐ and age‐dependent vital‐rate estimation.

We suggest that future work that considers relatively few age classes for survival and reproduction can provide

reliable inferences assuming that estimates for each age class are well estimated. Adult survival was con-

sistently high until the oldest ages (e.g., 17–21), and the probabilities of pregnancy essentially had 3 groups:

young (ages 1–2), prime (ages 3–16), and older animals. Future work that uses those 3 levels of aggregation

should have improved ability to evaluate process variation in vital rates among years. We acknowledge that

there are 4 limitations of our vital rate estimation methods that future work should try to ameliorate. First, the

timing of the capture season limited the amount of time yearlings were collared to a few months late winter and

spring months at most, which likely resulted in a positive bias in estimated survival rates. This positive bias in

survival rates likely resulted in a positive bias in population growth rates such that our results are optimistic.

Moreover, the comparatively small sample size of yearlings monitored necessitated some model‐based

smoothing of age‐related vital rates, the estimation of which was potentially influenced by greater data density

for other ages. Future work estimating independent yearling annual survival rates with larger sample sizes is

required to further refine estimates. Second, our use of generalized additive models induced a smooth re-

lationship between age and vital rates that was difficult to cross‐validate with our data set, and future efforts

should be directed towards improving our understanding using independent estimates of age‐specific vital

rates. Third, working with additive random effects across ages to estimate process variance can be challenging

because of the relationship between the logit and probability scale (i.e., the same large change on the logit scale

can translate into a large change on the probability scale when the probability is close to 0.5, or a small change

when the probability is close to 0 or 1). More work is required to be able to assess the evidence for age‐specific

process variances using a less‐confining additive structure, an effort with potentially significant implications for

management if some age classes have much higher process variances than others (Gaillard et al. 1998, Proffitt

et al. 2014, Festa‐Bianchet et al. 2017). Finally, our process variances for adult survival and pregnancy rates

conflated variation across both space and time, a necessary simplification given the unbalanced structure of the

survival and pregnancy data sets. This likely resulted in an over‐estimate of the variation in adult vital rates for

any single population, and our results, therefore, over‐estimate the variation in population growth rates. More

work is required to estimate the within‐population process variances of age‐specific adult vital rates. Where

inference on single populations is required and our estimate of process variance(s) is likely an overestimate, a
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practical step for future work is to treat our estimates as a maximum and to discount that value in accordance

with expert opinion or the results of small, local pilot studies.

MANAGEMENT IMPLICATIONS

Our results demonstrate that the impact of harvest on the age structure of elk populations may have modest

effects on population dynamics, above and beyond the direct effects of harvest on survival. To provide a

realistic assessment of how variation in key vital rates, age structure, and harvest integrate to shape population

trajectories, and to understand how combinations of manipulating calf survival and adult harvest can be

used to meet elk population management objectives, wildlife managers may use our estimated vital rates,

process variances, and stochastic population models to inform management recommendations. Our results

provide general guidelines for combinations of calf survival and adult harvest to achieve population recovery or

reduction objectives. In general, our work suggests that large, growing populations of elk may require sub-

stantial harvest rates (0.1–0.2, depending on mean calf survival) to arrest population growth rates but that

small populations characterized by low calf survival are unable to sustain any additional mortality due to

harvest.
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